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NEUTRON AND GAMMA MEASUREMENTS FOR THE NASA PLUM 
BROOK REACTOR HB-6 BEAM HOLE INSERTION FACILITY 
by Suzanne  T, Weins te in  and  James A. I<ish 
Lewis Research Center  
SUMMARY 
The fast  and thermal  neutron fluxes and the gamma ray exposure r a t e  were  meas-  
ured in the HB-6 beam hole insertion facility of the NASA Plum Brook Reactor. The 
measurements were  made as a function of position along the HB-6 beam, of position 
a c r o s s  the beam face, and of reactor  shim-rod bank height. The fast and thermal  neu- 
t ron  attenuation factors  were  measured for the tes t  cavity attenuator shields. The data 
were  normalized t o  a reactor  operating power of 40 megawatts. 
The fast  neutron flux was  measured by the neutron activation of sulfur and nickel. 
The fast neutron flux (energies greater  than 2.9 MeV) va r i e s  along the beam from 
9 7 2. 5&0.9x10 a t  full forward t o  1.2*0.4X10 neutrons per  square centimeter-second in the 
tes t  cavity. The thermal  neutron flux was measured by the neutron activation of dyspro- 
9 
sium and cobalt. The thermal  flux varies  along the beam from 1. 5&0. 5x10 to 
6 3 . 4 A .  0x10 neutrons per  square centimeter-second. The  test  cavity attenuator shields 
provide fast  neutrons attenuation up to a factor of 10 and thermal  neutron attenuation of 
over a factor of 100. 
The gamma ray exposure r a t e  was  measured with stainless steel,  argon-filled ion 
7 
chambers.  The exposure r a t e  var ies  along the beam from 1.4&0. 3x10 roentgens per 
5 hour a t  the full forward position to 1.2*0.2x10 roentgens per hour in the test  cavity. 
Semiconductor components intended for use in nuclear space power generating sys- 
t e m s  must be  capable of operating reliably in a reactor  environment. An insertion 
facility was constructed in the HB-6 beam hole of the NASAPlum Brook reactor  to pro- 
vide a facility for semiconductor components testing in a mixed neutron and gamma ray 
environment. A knowledge of the fast  neutron flux and the gamma ray  exposure ra te  in 
the insertion facility is needed for  the proper assessment  of permanent and transient 
radiation damage effects. In addition, data on the thermal  neutron flux a r e  needed for 
calculation of the neutron activation of tes t  specimens. 
The  fluxes and exposure r a t e  a r e  affected primarily by position along the HB-6 beam 
and the presence of fast neutron attenuator shields in the tes t  cavity of the facility. Sec- 
ondary factors  include reactor  power level, reactor  shim-rod bank height, and vertical 
and horizontal position a c r o s s  the beam face. The  fast  neutron flux was  measured with 
sulfur pellets and nickel wires .  Dysprosium and cobalt foils were  used for  the thermal  
neutron flux measurements.  The  gamma ray exposure r a t e  was measured with stainless 
steel, argon-filled ion chambers.  
FACILITY DESCRIPTION 
The  HB-6 beam hole is a n  air-filled thimble approximately 3.7 m e t e r s  long. The 
closed end (38 cm in diam) adjoins the reactor  beryllium reflector and is cadmium 
covered and water cooled. The opposite end (46 cm in diam) opens into a t e s t  cavity 
which is surrounded by steel-jacketed, borated-paraffin shielding. The  total facility 
length, including the tes t  cavity, is 4.2 meters  (see fig. 1). The  insertion facility is a 
modification of a prior facility (see ref .  1) and has been designed to  provide a greater  
range of fluxes. The insertion system basically consists of a chain-driven car r iage  
mounted on rai ls ,  with a total drive length of 3. 9 meters  from the tes t  cavity position to  
full-forward. Tes t  specimens up to  28 centimeters in diameter and 60 centimeters long 
can be  inserted to the full forward position. Larger  specimens up to  38 centimeters in 
diameter can be accommodated in the tes t  cavity. An aluminum plate containing neutron 
and/or gamma dosimeters  can be  installed on and removed from the ear r iage  during r e -  
actor operation through a slot in the shielding. The distance attenuation was expected 
to  provide about two o rde r s  of magnitude variation in the fast  neutron flux. T o  provide 
additional fast neutron attenuation, up to  a factor of 10, a s e r i e s  of th ree  tes t  cavity 
attenuator shields was designed. Each shield consists of a borated-polyethylene sand- 
wiched between aluminum plates, on which provision was made for dosimeter mounting. 
Figure 2 shows the attenuator shields installed in the test  cavity and the specimen plate 
position. 
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Figure 2. - Neut ron  at tenuator  shields and  specimen plate conf igurat ion i n  test cavity. 
NEUTRON FLUX MEASUREMENTS 
The fas t  and thermal  neutron fluxes in  the WB-6 Insertion Facility were  measured 
as a function of position along the HB-6 beam. The  variations of flux with reactor  shim- 
rod bank height and with vert ical  and horizontal position ac ros s  the beam face were  also 
determined. The fast and thermal  neutron attenuation factors  obtained with the tes t  
cavity attenuator shields were  measured. 
Experimental Procedures 
All neutron flux measurements  were made using standard neutron activation tech- 
niques. A known detector m a s s  is exposed t o  a neutron beam for a specific period of 
time; the neutron-induced activity from a specific reaction is measured; and the stand- 
a rd  activation and decay equations a r e  used to  calculate the neutron flux (see the appen- 
dix). Table I l i s t s  the detectors used, the reaction of interest,  the reaction product 
half-life, and the neutron c r o s s  section (with references) used in calculating the flux. 
The '?in-holef l flux measurements were  made at the test  cavity (zero) position; 
at  1, 2 ,  and 3 mete r s  into the beam hole; and a t  the full-forward (3. 9-m) position (see 
fig. I). The neutron detectors were  taped to an  aluminum detector plate a t  the positions 
TABLE I. - FAST AND THERMAL NEUTRON FLUX DETECTORS 
a ~ f f e c t i v e  fast neutron cross  sections a r e  defined in t e r m s  of the unmoderated fission neutron spectrum. 
b ~ y s p r o s i u m  foils were  calibrated against standard gold foils at PBRF (see ref. 4). 
a c ross  the beam face shown in figure 3. A detector plate for each exposure was in- 
serted through the shielding and placed on the carriage. The carriage was moved to a 
measurement position for a predetermined exposure period and then withdrawn for re-  
moval of that plate and insertion of the next. Sulfur pellets and nickel wires were used 
t o  measure the fast neutron flux. Sulfur was used at all positions except full forward, 
where the ambient temperature was too high for sulfur. Nickel was substituted at the 
full-forward position and was also used at 3 meters for comparison. Dysprosium foils 
were  used for  al l  thermal neutron flux measurements in hole. Flux measurements at 
all five in-hole positions were repeated periodically throughout one full reactor cycle 
(nominal 20 days) to determine the effect of reactor shim-rod bank height. The test 
0 
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Figure 3. - Neut ron  detector and  i o n  chamber posit ions for 
in -ho le  measurements. 
cavity neutron attenuator shields were  not installed during this reactor  cycle. 
The fast  and thermal  neutron attenuation factors  for the test  cavity attenuator shields 
were  measured during the following reactor  cycle. Detectors were  mounted in front of, 
at two inner positions, and behind the attenuators (fig. 2) a t  the positions a c r o s s  the beam 
face shown in figure 4. Sulfur pellets were  again used for  the fast flux. Because of 
activity saturation, cobalt foils were  substituted for  the dysprosium for thermal  flux 
measurements.  The exposure period covered the entire reactor  cycle (abbreviated to  
7 days) since the tes t  cavity cannot be opened while the reactor  i s  a t  power. 
Following exposure, the detectors were removed from the plates and the neutron- 
induced activity was measured. The  sulfur and dysprosium activities w e r e  measured 
with a calibrated 27-r gas-flow proportional beta counter. The nickel and cobalt activities 
were  measured with a calibrated sodium iodide gamma ray  spectrometer.  Using the 
equations of the appendix, the neutron fluxes were  then computer-calculated from these 
activities and normalized to  a reactor  power level of 40 megawatts. 
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F igure 4. - Detector posit ions fo r  test cavity at tenuator  shields. 
Results and Discussion 
The average (over the plate) fast and thermal neutron fluxes at midcycle (shim rods 
at 55 cm) a r e  shown in figure 5  a s  a function of position along the HB-6 beam. The av- 
erage fast neutron flux (energies greater than 2.9 MeV) at reactor midcycle varies  along 
9  the HB-6 beam by about a factor of 200: from 2. 5 k 0 . 9 ~ 1 0  neutrons e r  square r; 
centimeter-second at the full-forward (3.9-m) position t o  1 . 2 k 0 . 4 ~ 1 0  neutrons per 
square centimeter-second at the test  cavity (zero) position. The average thermal neu- 
t ron flux at midcycle (shim rods at 55 cm) varies along the beam by a factor of about 400 
9 f rom 1. 5k0. 5x10 neutrons per square centimeter-second at full forward to 3.4&1.0X10 6 
neutrons per square centimeter-second at the test cavity. 
The secondary factors affecting the neutron fluxes a r e  reactor shim rod bank height 
and position across  the beam face. The core power density maximum moves from the 
bottom to  the top of the reactor core a s  the shim rod bank is raised from about 40  to 
70 centimeters during the course of a reactor cycle. The fluxes also vary across  
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Figure 5. -Average fast and thermal neutron f lux  at midcycle as func-  
t ion of p s i t i o n  along HB-6 beam. (Shim rod bank height equals 
55 crn. ) 
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Figure 6. - Fast neutron flux as  function of distance along vertical 
beam centerline for three shim rod bank heights. 
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Figure 7. -Therma l  neu t ron  f l u x  as func t ion  of distance along ver t i -  
cal beam center l ine for th ree  shin1 rod bank heights. 
the beam face due to  the location of the HB-6 beam duct and to the presence of other ex- 
perimental facilities, particularly HT-1 (see fig. 1). The average fast  and thermal  
fluxes as a function of position along the vertical beam centerline at a l l  five measure-  
ment positions along the beam a r e  shown in figures 6 and 7 for three shim rod bank 
heights. Both the fast  and thermal  fluxes a r e  nearly symmetrical about the vert ical  
centerline and were  averaged to  obtain the fluxes on the centerline. The fluxes increase 
rapidly with increased bank height at the s t a r t  of the cycle and then nearly saturate  at 
about midcycle. This effect is due to the combination of the upward movement of the core 
power maximum and the presence of the HT-1 beam duct. Both the fast and thermal neu- 
t ron  fluxes a t  the full forward position a r e  greater  at  the bottom of the beam than at the 
top. At the other measurement positions (0, 1, 2, and 3 m), the fast  flux is greater  a t  
the top and the thermal  flux is nearly uniform ac ros s  the beam. These distributions do 
not vary  greatly with the shim rod bank height and a r e  produced by the amount and type 
of mater ials  lying along the neutron lines-of-sight. 
The average (over the plate) fast  and thermal neutron attenuation factors  obtained 
with the tes t  cavity attenuator shields a r e  shown in figure 8. Various combinations of 
the three  shields will produce tes t  cavity fast  neutron flux attenuation by factors  of about 
2, 3, 5, and 10. Over a hundredfold thermal  neutron flux attenuation was  produced by 
the three  shields. The presence of the attenuators does not greatly a l te r  the flux distri-  
butions ac ros s  the face of the beam. 
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Figure 8. -Average fast and thermal neutron attenuation 
factors for test cavity attenuator shields. 
Measurements of relative neutron flux by means of activation techniques can be 
made quite accurately. The e r r o r  source for relative measurements a r e  experimental: 
exposure time and position, detector weight and purity, and activity counting. The net 
experimental e r r o r  in the relative fluxes, and in the fast neutron attenuation factors  for 
the test cavity shields a r e  11 percent o r  less.  The thermal neutron attenuation factor 
e r ro r  is about 11 percent. However, absolute neutron flux measurements a r e  far l e s s  
accurate. The neutron cross  section and the threshold energy for fast neutrons a r e  
large e r r o r  sources in calculating the neutron f lux  from detector activities. However, 
the major source of uncertainty is the fast neutron spectrum. Reference 5 discusses 
this problem in detail for the HB-6 facility. The net absolute flux e r r o r s  a t  the 90 per- 
cent confidence level a r e  about 35 and 15 percent for fast and thermal neutron fluxes, 
respectively. 
GAMMA EXPOSURE RATE MEASUREMENTS 
The gamma ray exposure r a t e s  were measured a s  a function of position along the 
HB-6 beam. Measurements were made a t  two positions (top and bottom) along the verti- 
cal beam centerline. The variation of exposure ra te  with reactor shim rod bank height 
was also determined. 
Experimental Procedures 
The gamma exposure ra tes  were measured with two stainless steel, argon-filled ion 
chambers which were 6 .4  centimeters long and 0.64 centimeter in outside diameter. 
The ion chambers were mounted on the tes t  carriage, near the top and the bottom of the 
beam, approximately 8 centimeters behind the neutron detector plate position a s  shown 
in figure 1. The neutron detector plate was not in position on the carriage during the 
gamma measurements. The positions of the ion chambers relative to  the neutron detec- 
to r s  is shown in figure 3. The chambers were calibrated prior to use in the spent-fuel- 
element gamma facility at the Plum Brook Reactor. The current-to-exposure r a t e  con- 
version factor for both ion chambers is 1 . 1 * 0 . 2 X l 0 ~ ~  roentgens per hour per ampere. 
The exposure rate was measured at the same test carriage positions along the HB-6 
beam a s  the neutron fluxes: test  cavity, 1, 2, and 3 meters,  and full forward. Measure- 
ments were also made at 2 .5  and 3 . 5  meters.  A11 measurements were made four times 
during a 20-day reactor cycle to determine the effects of shim-rod bank height on the ex- 
posure rates.  The effect of the test  cavity neutron attenuator shields on the gamma ex- 
posure r a t e  was not measured. Exposure ra tes  were  normalized to a reactor  power 
level of 40 megawatts. 
Resulk and Discussion 
Figure 9 shows the gamma exposure ra te  a t  midcycle for both chamber positions a s  
a function of distance along the HB-6 beam. The average gamma ray exposure r a t e  a t  
reactor  midcycle (shim rods a t  56 cm) varies  along the beam by a factor of about 100 
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Figure 9. - Gamma exposure rate at midcycle as funct ion of position along 
beam fof  both ion chambers. (Shimrod bank heiqht equals 56.4 cm.) 
7 5 from 1.410. 3x10 roentgens per hour a t  the full-forward position to 1. 210 .2~10  roent- 
gens per hour in the tes t  cavity. The exposure ra te  r i s e s  sn~oothly with distance into the 
beam hole with the ra te  consistently somewhat higher at  the top of the beam. 
The  effects of reactor  shim rod bank height and position ac ros s  the beam face can 
be seen in figure 10. The exposure r a t e  increases  exponentially with bank height a t  a l l  
positions, but percentage increase is least at  the full-forward position and greatest  in 
the tes t  cavity. This  i s  probably the combined result  of core  power maximvtm rnove- 
ment and scattering in the beam duct walls. The top and bottom exposure r a t e s  a r e  
nearly equal at  full forward, diverge rapidly to a maximum spread at about 3 meters ,  
Test cavity 
0 Beam top position, 
2x108 Beam bottom m 
3.9 (Full 
forward) 
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0 (Test cavity) 
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Figure 10. - Gamma exposure rate as function of shim rod 
bank ion chambers. 
and slowly converge again toward the test  cavity. The cause of this  variation in the top- 
to-bottom ratio is not readily identifiable. 
The e r r o r  in the relative exposure ra tes  is about rt5 percent, due to position and 
metering e r ro r s .  The absolute gamma exposure ra tes  a r e  in e r r o r  by about rt20 percent 
at the 90 percent confidence level. 
SUMMARY OF RESULTS 
The fast and thermal neutron fluxes and the gamma ray dose rate were measured in 
the HB-6 beam hole insertion facility of the Plum Brook Reactor. The following results  
were obtained: 
1. The average fast neutron flux (energies greater than 2.9 MeV) a t  reactor mid- 
9 cycle varies  along the beam by about a factor of 200: from 2. 5rt0.9~10 to 1.2*0.4x10 7 
neutrons per square centimeter- second. 
2. The average thermal neutron flux at reactor midcycle var ies  along the beam by 
9 6 a factor of about 400: from 1. 5rt0. 5x10 to 3.4rtl. 0x10 neutrons per square centimeter- 
second. 
3. The  fast  and thermal  neutron fluxes increase with reactor  shim rod bank height 
during the first part  of the reactor  cycle and then nearly saturate at  about midcycle 
(shim rod at 55 cm). The  amount of flux increase va r i e s  with position along the beam. 
4. The  fas t  and thermal  neutron fluxes a r e  nearly symmetrical about the vert ical  
b,eam centerline. Both fast  and thermal  fluxes a r e  greatest  at  the bottom of the beam at 
the full-forward position. The fast  flux is. greater  at the top of the beam and the thermal  
flux is nearly constant a t  a l l  other measurement positions along the beam. 
5. The  t e s t  cavity attenuator shields provide fas t  neutron attenuation u p  t o  a factor 
of 10 and thermal  neutron attenuation of over a factor of 100. 
6. The  average gamma ray  exposure ra te  at reactor  midcycle var ies  along the beam 
7 by a factor  of about 100 from 1 .4r t0 .3~10 roentgens per  hour at  full forward to  
5 1.2&0.2x10 roentgens per  hour in the tes t  cavity. 
7.  The  gamma ray  exposure r a t e  increases  exponentially with increasing reac tor  
shim rod bank height. The percentage increase var ies  with position along the  HB-6 
beam. 
8. The  gamma ray  exposure r a t e  is consistently somewhat higher at the  top of the 
beam. The  rat io  of the top-to-bottom exposure r a t e  is a function of position along the 
beam. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, November 6,  1969 
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APPENDIX - SUMMARY OF NEUTRON FLUX 
MEASUREMENTS BY RAD IOACTIVATION 
Fast and thermal neutron flux measurements by, radioactivation a r e  in general the 
same. Specific technique variations will be  discussed separately in this appendix. 
Basically, a known number of atoms of a particular element isotope a r e  exposed to a 
neutron flux for a measured period of time and neutron-induced activity is measured. 
The l 1  saturated activity1 l and the neutron flux a r e  then calculated (see ref. 2). 
The "saturated activityu is the induced activity corresponding to the steady state in 
which the ra te  of production by neutron absorption is equal to  the rate of loss by radio- 
active decay. When the counting (measurement) period is short compared to  the half -life 
of the radioactive nuclide, the saturated activity (in disintegrations/atom) is given by 
where 
CR background- corr  ected count-rate, disintegrations/sec 
E counter efficiency, number of counts observed/disintegration 
W detector weight, g 
pA number of target-isotope atoms per gram of detector material 
X product-isotope decay constant, In 2/product half -1if e 
ti exposure t ime 
td decay t ime (from end of exposure to  s tar t  of counting) 
The neutron flux is related to the saturated activity by 
where 
o(E) activation c ross  section at energy E 
cp (E) differential neutron flux, i. e. , cp (E)dE is neutron flux at energies between E 
and E + dE 
Thermal (2200 mlsec) Neutron Flux 
In a pure thermal neutron f lux,  where the most probable neutron velocity is 2200 
meters  per second, equation (2) reduces to 
where ath is the activation c ross  section for thermal (2200 m/sec) neutrons. Since 
neutrons of all energies a r e  usually present, the saturated activity must be corrected for 
the nonthermal contribution to  the induced activity. This requires the simultaneous ex- 
posure of bare  and cadmium-covered detectors. Cadmium screens out effectively all  
thermal neutrons, s o  that the covered detector activity yields the nonthermal neutron 
activity contribution. In addition, flux depression due to  the presence of the detector 
must be  corrected for. The net correction factor to be applied to the saturated, bare  
activity (eq. (1)) is 
where 
FCd epithermal flux depression factor due to  cadmium 
RCd ratio of bare  to cadmium-covered activities 
I 
Fth thermal flux depression factor due to detector 
The actual thermal neutron flux in a mixed thermal-epithermal field (from eq. (3)) is 
given by 
Fast Neutron Flux 
The fast neutron flux is determined by threshhold detectors which measure the in- 
tegral flux of neutrons having energies greater than some threshhold energy. The acti- 
vation c r o s s  section for an ideal detector is a s tep function; that is,  it is ze ro  for  neu- 
t rons with energies below the threshhold energy Ei and is a constant uE for  neutron 
energies above Ei. In this  case,  equation (2) can be written a s  i 
However, the c r o s s  section a s  a function of energy for a r ea l  detector does not exhibit 
step-function character is t ics .  The  rapid increase in c r o s s  section is not infinitely steep, 
requiring a somewhat a rb i t ra ry  selection of the threshhold energy; and the c r o s s  section 
does not reach a constant value, which would require  the use  of an averaging process:  
where q(E) is a differential neutron spectrum, which is usually chosen a s  the unmoder- 
ated fission neutron spectrum. 
The integral fast flux for fission neutrons having energies greater  than Ei is then 
where A is the saturated activity calculated from equation (1). The integral fast flux 
can be corrected for deviations of the actual spectrum from a fission spectruni, pro- 
vided the actual spectrum is well known. Generally, the actual spectrum is not known 
and the lack of th i s  correction factor is the dominant source of e r r o r  in fast  neutron flux 
measurements.  
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